Zone plate [1] has been used as a focal lens in transmission X-ray microscope (TXM) optical system in recent decades [2, 3] . In TXM of NSRRC [4, 5] , the thickness of zone plate is about 900nm and the width of its out most zones is 50nm, which has a high aspect ratio 18. When zone plate is tilted, the image quality will be affected by aberration. Since the aspect ratio of zone plate is large, for incident beam, the shape of zone plate's transmission function will look different when zone plate is tilted.
INTRODUCTION
Transmission X-ray microscope (TXM) is one of the X-ray microscopes. NSRRC's TXM was designed and installed in September 2004 by NSRRC and Xradia, it was the first zone plate based hard X-ray microscope operated at 8-11 keV.
The resolution of this TXM is about 60 nm in hard X-ray region. Since the experiment and simulation of zone plate tilt was performed in this end station, the structure of the TXM system and the zone plate in TXM system will be introduced in this chapter.
Sec. 1.1 The
The struct 
x f is shorter than f . So we can expect that the TXM image will be affected by astigmatism when the zone plate is tilted.
Sec. 2.1.2 The cross sections of tilted zone plate
The effective transmission function of tilted zone plate can be solved by eq. (2,1~3) , and the cross sections (the optical path length in zone plate v.s the radius) of the effective transmission functions at different tilt angles are shown in Fig. 2-3 .
(a) (b) Fig. 2-3 The optical path length in zone plate v.s the radius of zone plate at tilt angle θ =0, 30, 60, 80 mrad. (a) around r=20μm (dr is about 100nm, the respect ratio is about 9). (b) around r=40μm (dr is about 50nm, the respect ratio is about 18).
In Fig. 2-3 , at tilt angle . 0mrad = θ , the cross sections are composed of many rectangular functions. The edges of the cross sections become blunt when the zone plate is tilted. When the tilt angle is larger than ) ratio aspect 1 ( tan 1 − , the cross section is approximately triangular in shape. As a result, we can expect that, the ability of zone plate to focus light in horizontal direction becomes worse when the tilt angle is too large.
Sec. 2.2 Wa
The optic 
, where Similarly, the optical fields U 4 , U 5 and U 6 can be calculated by Fourier optics theory, the illustration of the calculation is shown in Fig. 2-4 (b) , where p z2 (x,y)=p(x,y,z 2 ) and p z3 (x,y)=p(x,y,z 3 ).
SIMULATION
The theories of wave propagation and zone plate tilt were introduced in chapter 2, and there are some simulation results in this chapter. A Matlab program is designed to calculate the optical fields in TXM system, and it also can calculate the effective transmission function of a tipped / tilted zone plate. There are some simulated images acquired at different tip / tilt angles, the images will be compared and the relationship between the image quality and the tip / tilt angle will be discussed. Fig. 3-1 The transparency of the test sample. There are 9 vertical lines, the width of the thinnest line is 50nm.
The simulated images are shown in Compare the images in Table 3 -1, we can see that, the images will be compressed in vertical direction when the zone plate is tipped, and they will be compressed in horizontal direction when the zone plate is tilted. Besides, the last four simulated images in Table 3 The line plots of different tip angle are almost the same in Fig. 3-2 (a) . That is, the amplitude distributions of U 6 in x direction won't change evidently when the zone plate is tipped. However, the line plots o in Fig. 3-2 (b) are quite different. In Fig. 3-2 (b) , the edges of the pattern get blunter, and the contrasts become worse as the tilt angle increases.
Compare Fig. 3-2 (a) and (b) , and calculate the contrast modulations. The relationships between the contrast modulations and the tip / tilt angles are shown in Fig. 3-3 . By Fig. 3-3 , we can see that, the contrast modulation of TXM image doesn't change obviously as the tip angle increases. Nevertheless, the contrast modulation decreases as the tilt angle increases. 
The Siemens star
The Siemens star is also called the spoke pattern and it is a device to test the resolution of optical instruments. This pattern is made by Yu-Tong Chen [10] .The line width of the spoke pattern is narrower in the inner part than in the outer part. A spoke pattern was used to be the test sample in the zone plate tip / tilt experiment. For the Siemens star which was used in our experiment, the width of the pattern in each zone was between 40 nm to 50 nm, 50 nm to 60 nm, 60 nm to 70 nm, 70 nm to 80 nm, 80 nm to 90 nm, 90 nm to 100 nm (from the inner most zone to the out most zone). Fig. 4-2 shows the TXM image of the Siemens star which was obtained without tilting the zone plate: Fig. 4-2 The TXM image of the Siemens star.
Sec. 4.2 Experimental Data and Line Plots
The experimental results are shown in Table 4 -1 (a)~(e): By the TXM images and the line plots in Table 4 -1, we can see that, whether the zone plate is tilted or not, the patterns in the first and second zones are not resolvable, i.e., the resolution-limits of those TXM images are all larger than 60 nm. Briefly, the TXM image does not change a lot when the zone plate is tilted from 0 to 30 mrad., as shown in Table 4 -1 (a)-(d). However, when the zone plate is tilted by 40 mrad., the TXM image becomes worse; the patterns parallel to x axis are still resolvable, but the patterns parallel to y axis become blurred (the line plots on L2, L3 at tilt angle= 40 mrad. are not periodic functions of distances, that is, the patterns which are parallel to the y axis on L2 and L3 can't be resolved when the zone plate is tilted by 40 mrad.), as show in In Fig. 4-3 , the modulations of Cy do not change obviously as tilt angle increases (In Fig. 4-3 (a) , the contrast modulation of Cy is between 0.02 and 0.03, and in Fig. 4-3 (b) , it's between 0.035 and 0.052). The contrast modulations of Cx do not change a lot when the tilt angle is smaller than 30 mrad., but they decrease rapidly when the tilt angle is larger than 30 mrad. For this reason, we say that the maximum acceptable tilt angle is 30 mrad. Although the qualities of TXM images are affected by many reasons, and both the resolutions and contrasts of experimental results are worse than those of the simulation results, we can still see that the zone plate tilt affects the image quality.
CONCLUSION
The affections due to zone plate tilt on the TXM image can be observed in series of TXM images and their line plots in chapter 3 and 4. According to section 2.2, the focal lengths ' . As a result, astigmatism will occur and the ability of tilted zone plate to focus light in the horizontal direction will become worse, the image quality will be affected by zone plate tilt. By the simulation and experimental results, the expectance in section 2.2 is proved to be right. Zone plate tilt will make the TXM image becomes distorted and blurred, and both the simulation and experimental results indicate that the contrast of image becomes lower as the tilt angle increases.
